The induction of nicotinamide adenine dinucleotide phosphate-malic enzyme (NADP-ME) in etiolated maize (Zea mays) seedlings by UV-B and UV-A radiation, and different levels of photosynthetically active radiation (PAR, 400-700 nm) was investigated by measuring changes in activity, protein quantity and RNA levels as a function of intensity and duration of exposure to the different radiations. Under low levels of PAR, exposure to UV-B radiation but not UV-A radiation for 6 to 24 h caused a marked increase in the enzyme levels similar to that observed under high PAR in the absence of UV-B. UV-B treatment of green leaves following a 12-h dark period also caused an increase in NADP-ME expression. Exposure to UV-B radiation for only 5 min resulted in a rapid increase of the enzyme, followed by a more gradual rise with longer exposure up to 6 h. Low levels of red light for 5 min or 6 h were also effective in inducing NADP-ME activity equivalent to that obtained with UV-B radiation. A 5-min exposure to far-red light following UV-B or red light treatment reversed the induction of NADP-ME, and this effect could be eliminated by further treatment with UV-B or red light. These results indicate that physiological levels of UV-B radiation can have a positive effect on the induction of this photosynthetic enzyme. The reducing power and pyruvate generated by the activity of NADP-ME may be used for respiration, in cellular repair processes and as substrates for fatty acid synthesis required for membrane repair.
Introduction
Light is essential for normal plant growth and development, not only as a source of energy but also as a stimulus that regulates numerous developmental and metabolic processes by the induction of gene expression. Plants possess the capability of adapting their patterns of growth and development to changes in the light conditions of the environment; these processes are varied and range from germination and de-etiolation to timing of flowering (1) (2) (3) . Plant responses to the light environment are regulated by three major classes of photoreceptors: the phytochrome family, which has been the most extensively studied photoreceptor (4, 5) , blue/ ultraviolet-A (cryptochrome) receptors, and ultraviolet-B receptors (6, 7) . Light regulated genes respond to one or more of these photo-P. Casati et al. receptors, and the responses may be tempered by other environmental factors or developmental stages of the plants (8, 9) .
The chemical nature of the UV-B photoreceptor is unknown (3) . During the last two decades UV-B radiation has received more attention from plant scientists because of its potential damage to plants (10, 11) . This is principally due to the increased UV-B radiation experienced during this period as a consequence of anthropogenic chemicals depleting the ozone layer (12, 13) . In plants, potential damage caused by UV-B radiation is primarily associated with damage to DNA, proteins and the photosynthetic system (14) (15) (16) . DNA damage occurs mainly when crosslinking of strands forms cyclobutanetype pyrimidine dimers, and photosynthetic damage is associated with damage to the D1 protein of photosystem II (17, 18) . Disruption of the chloroplast membrane (19) and decreased RuBisCO activity (11, 20) are also part of the potential effects of UV-B radiation on photosynthesis.
There is evidence that colorless flavonoids, as well as anthocyanins, which are a special class of colored flavonoids, can accumulate in epidermal tissue of plants and reduce damage from UV radiation because of their absorption of UV light (21) . The production of these pigments is stimulated by tissue damage, low temperature and shortwavelength light (8, 22) . Reductive power (nicotinamide adenine dinucleotide phosphate (NADP)) is required for the synthesis of these pigments and other cellular components (e.g., cell wall and membrane constituents) in protection and repair processes. On the other hand, the UV-B-induced damage to plants can be alleviated or avoided by gene expression that induces biosynthetic pathways which help prevent or repair damage. It was recently suggested that the activation of a signalling pathway for defense genes by exposure to UV light is mediated by the octadecanoid signalling pathway (23) . For the phenylpropanoid pathway, which produces UV-screening flavonoids and other secondary compounds, chalcone synthase, chalcone synthase isomerase and phenylalanine ammonia lyase are induced by UV-B radiation and other stress factors such as tissue damage and low temperatures (8) .
While the quantity and quality of light can produce damaging effects on photosynthesis, light is also responsible for induction of certain photosynthetic genes and development of the photosynthetic apparatus. In C 4 plants, this includes development of the C 4 cycle and Calvin cycle. In certain C 4 plants like maize, NADP-malic enzyme (NADP-ME, E.C. 1.1.1.40) is a key enzyme in the C 4 cycle catalyzing the decarboxylation of Lmalate to pyruvate, yielding the CO 2 to be fixed in bundle sheath chloroplasts by the Calvin cycle (24) . There are at least two different isoforms of the enzyme in maize tissues, both of which are located in plastids (25) . The isoform implicated in the C 4 cycle is induced by light, while the constitutive form of the enzyme, which is the major form in etiolated tissues, remains almost constant upon illumination (26) . It is also known that this light induction occurs at the transcriptional level (26, 27) . On the other hand, the NADP-ME gene promoter from bean (Phaseolus vulgaris L., a C 3 plant) shows a motif that matches the consensus sequence responsible for the induction of genes by UV-B radiation and fungal elicitors of the phenylpropanoid pathway (28, 29) .
Here we report an investigation where we used artificial light sources to measure the effect of UV-A, UV-B and photosynthetically active radiation (PAR), in particular red light, on NADP-ME content and activity in etiolated and green maize seedlings.
UV-B and UV-A effects on expression of NADP-ME in etiolated maize seedlings
Etiolated maize seedlings were exposed to different light conditions: low levels of PAR (14 µmol m -2 s -1 ), high levels of PAR (300 µmol m -2 s -1 ), UV-B radiation (9 µmol m -2 s -1 ) and UV-A radiation (11 µmol m -2 s -1 ) for 6 to 24 h. NADP-ME was measured by enzyme activity assays, Western blot analysis of protein extracts using an antibody against maize 62-kDa NADP-ME, and dot blot analysis of total RNA samples using a specific probe of the cloned cDNA.
NADP-ME activity of etiolated maize seedlings was markedly increased above constitutive levels after exposure to high PAR and low PAR supplemented with UV-B radiation (Table 1 ) (30). Treatment with UV-B radiation increased activity by more than 50% relative to seedlings exposed to low levels of PAR, while supplemental UV-A radiation caused no measurable increase in activity ( Table 1 ). The low specific activity (0.05 U/mg of total soluble protein) measured in extracts from etiolated plants can be attributed to the expression of the constitutive isoform and/or low levels of expression of the photosynthetic isoform in etiolated maize tissue (26) .
To determine whether these results were due to an increased synthesis of the enzyme, Western blot analyses using an antibody raised and purified against the photosynthetic isozyme of NADP-ME (26) and dot blots of total RNA were conducted with the different samples. A high level of induction of both protein and mRNA was clearly shown after illumination with high PAR or UV-B. Western blot analyses also showed that the constitutive nonphotosynthetic isoform of NADP-ME (72 kDa) was not affected by the light treatments used. No apparent change in some protein bands in Coomassie bluestained gels indicated selectivity in the response of NADP-ME to light (data not shown, see Ref. 30) . In dot blots of total RNA, low levels of the NADP-ME messenger were found in etiolated leaves, while after 3-h treatment with UV-B radiation, the level of RNA markedly increased, reaching a maximum between 6 and 12 h of UV-B treatment (data not shown). High PAR induced NADP-ME RNA levels similar to those obtained with UV-B. Thus, the amount of RNA is correlated with the increase in protein and NADP-ME activity. These results clearly show that de novo synthesis of NADP-ME was induced by light in a way that was dependent on both light quantity and quality.
To test the effect of UV-B fluence on NADP-ME content, etiolated maize seedlings were irradiated with different amounts of UV-B (2.5, 5.0 and 9.0 µmol m -2 s -1 ) for up to 32 h. UV-B fluence did not affect the initial rate of increase in activity or the final activity measured in any case, showing that the lower intensity tested was sufficient to induce NADP-ME.
UV-B induction in green maize leaves
Similar experiments were performed on normal green maize. The green seedlings were exposed to the same light treatments as etiolated plants after a 12-h dark period. Similar to the results obtained with etiolated tissue, NADP-ME activity increased in green tissue (30) . Green seedlings treated with 24 h of UV-B radiation following a 12-h dark period had a 30% increase in NADP-ME activity. The Western blot studies performed with the 24-h treated samples paralleled the increase in NADP-ME activity.
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Effect of UV-B pulses on NADP-ME
To test the effect of duration of exposure, etiolated maize seedlings were exposed to UV-B radiation for 5, 30 and 60 min and transferred to darkness to complete a 6-h treatment. Table 2 shows that a short exposure to low intensity UV-B (2 µmol m -2 s -1 ) was effective in inducing NADP-ME activity, and the level of induction was dependent on the duration of exposure. Thus, after a 5-min exposure, the specific activity of NADP-ME increases twice relative to the activity found in crude extracts from etiolated leaves without any treatment (Table 2) (31).
The induction of NADP-ME was also evident from Western blot and RNA dot blot experiments. Low levels of the photosynthetic enzyme were present in etiolated leaves, while induction of the synthesis of the enzyme was clearly shown after different exposures to UV-B. Moreover, low levels of the NADP-ME messenger were found in etiolated leaves but after a 5-min treatment with UV-B radiation the level of RNA markedly increased (data not shown, see Ref. 31 ). Nevertheless, after a 5-min treatment with low PAR, the RNA level was almost not affected. Again, the amount of RNA was correlated with the increase in protein and NADP-ME activity previously shown (31).
Red and far-red light regulation of NADP-ME
In another set of experiments, tests were carried out to determine if phytochrome participates in the expression of NADP-ME. Etiolated seedlings were irradiated continuously for 6 h with either red (10 µmol m -2 s -1 ) or UV-B light (2 µmol m -2 s -1 ) or with 5-min pulses of either form of light followed by a 6-h period of dark. All treatments resulted in an increase in NADP-ME specific activity (Table 3 ) and protein levels (31) . After the 5-min pulse treatments, the increase in activity was 2.2 times higher than in the etiolated control for UV-B and 2.4 times higher for red light. In contrast, for continuous exposure over 6 h, the increase was of 2.9 for both wavelengths (Table 3) .
To study whether the UV-B and red light responses could be reversed by the action of far-red light, etiolated maize seedlings were exposed to a 5-min far-red pulse immediately after the 5-min pulse of UV-B or red irradiation just before transfer to 6 h in darkness. The far-red treatments resulted in reversal of the inductive response to more than 75% in both cases, and the values obtained for specific activity (Table 3 ) and the amount of protein reacting in the Western blots (data not shown) were similar to those observed in extracts obtained with etiolated leaves without any treatment. Nevertheless, when the far-red light pulse was followed by a 5-min Table 2 -Effects of UV-B pulses on specific activity of NADP-ME from etiolated maize seedlings.
The specific activity of each sample is presented relative to the specific activity assayed in etiolated plants (0.053 U/mg) (according to Ref. 31 ).
Treatment
Relative specific activity 0 h 1.00 5 min 2.00 30 min 2.34 60 min 2.51 6 h 2.68 Table 3 -Effects of UV-B, red and far-red light pulses on the specific activity of NADP-ME from etiolated seedlings.
The specific activity of each sample is presented relative to the specific activity UV-B or red light pulse both the enzyme activity (Table 3 ) and the levels of the photosynthetic form of NADP-ME increased to a similar extent as before the treatment with far-red light (31).
Discussion
NADP-ME responds to induction by UV-B radiation to almost the same extent as to induction by high levels of white light. Thus, induction of the synthesis of the enzyme is controlled by both white light and UV-B radiation, light intensity, and the duration of the light treatment. The induction profile observed in Western blot analyses after treatment of maize seedlings with UV and different levels of PAR parallels the results obtained for the specific activity measurements for NADP-ME. NADP-ME RNA levels increase in the same way as the amount of protein, indicating that transcriptional and/ or post-transcriptional events are involved in the process of induction of the enzyme.
Red light is as effective as UV-B in inducing NADP-ME either when it is provided for a short period of time or for 6 h. After a short exposure to far-red light applied immediately after red or UV-B light, the inductive effect on NADP-ME was significantly reduced, and the far-red effect could be reversed by a terminal pulse with red or UV-B light. The induction caused by red light alone, and the reversal by far-red light indicates that the presence of the active form of phytochrome (Pfr) can result in accumulation of the enzyme without requiring another photoreceptor. The effect of coaction of UV-B and red light is complicated by the fact that UV-B activates phytochrome, since UV-B inevitably converts the red-absorbing form of phytochrome (Pr) to the far-red-absorbing form (Pfr), setting a ratio of Pfr/Pr of about 65% (32) . Thus, whether UV-B can induce NADP-ME accumulation without Pfr being present cannot be determined using the methods applied in this study, and further experiments will be required to determine if UV-B radiation acts directly by converting phytochrome to the Pfr form, or if the UV-B signal sensed by another photoreceptor could activate a shared signal transduction pathway with Pfr, perhaps by interactions with a common downstream component.
It is interesting to note that both UV-B and white light radiation, in particular red light, induce the expression of the photosynthetically active isoform of NADP-ME in both etiolated and green tissue of maize. The effect of UV-B radiation on the level of NADP-ME in C 4 plants, like maize, may be important, as the enzyme can provide NADPH for assimilatory processes associated with plant protection and repair in response to stress. There is a considerable number of NADPH-consuming steps in plant defense reactions which are readily found in the literature, for example, in phytoalexin biosynthesis (33) (34) (35) , in the reductase activity of a disease-resistance gene (36) , and in defense-related deposition of lignin (37) ; and the reducing power may be supplied by NADP-ME. Moreover, under UV-B radiation stress the enzyme could supply NADPH for flavonoid biosynthesis, as many steps in the flavonoid biosynthetic pathway require reducing power (33) (34) (35) . On the other hand, pyruvate generated during NADP-ME activation may also be used for obtaining ATP (another important substrate for biosynthesis) through respiration in the mitochondria, and may serve as a precursor for synthesis of phosphoenolpyruvate (PEP) via pyruvate, Pi dikinase. PEP is utilized in chloroplasts in the shikimate pathway, leading to the synthesis of aromatic amino acids including phenylalanine, the common substrate for lignin and flavonoid synthesis.
In conclusion, we propose that increased levels of NADP-ME could provide plants with more reducing power for cellular repair, increased pyruvate for respiration and as metabolic substrates for lipid synthesis and membrane repair. This study shows that P. Casati et al. naturally occurring amounts of UV-B radiation (5 µmol m -2 s -1 ) can be effective in enzyme induction. Thus, the relatively low intensity of UV-B present in full sunlight might provide an important signal which may facilitate repair of UV-B-induced damage through the increased activity of different enzymes, including NADP-ME. The 20-30% increase in enzyme activity in green tissue also indicates a potential role for UV-B radiation in the upregulation of key enzymes for C 4 photosynthesis. Increased activity of NADP-ME in response to UV-B radiation could enhance maximum carbon assimilation under high light conditions which typically are accompanied by higher levels of UV-B radiation in nature. The potential effect of increased levels of NADP-ME activity and possibly other photosynthetic enzymes by UV-B radiation on the capacity of photosynthesis needs to be evaluated.
